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Glutamatergic Innervation onto Striatal Neurons Potentiates
GABAergic Synaptic Output
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Striatal output pathways are known to play a crucial role in the control of movement. One possible component for shaping the synaptic
output of striatal neuron is the glutamatergic input that originates from cortex and thalamus. Although reports focusing on quantifying
glutamatergic-induced morphological changes in striatum exist, the role of glutamatergic input in regulating striatal function remains
poorly understood. Using primary neurons from newborn mice of either sex in a reduced two-neuron microcircuit culture system, we
examined whether glutamatergic input modulates the output of striatal neurons. We found that glutamatergic input enhanced striatal
inhibition in vitro. With a glutamatergic partner from either cortex or thalamus, we attributed this potentiation to an increase in the size
of quantal IPSC, suggesting a strengthening of the postsynaptic response to GABAergic signaling. Additionally, a differential effect of
cortical and thalamic innervation onto striatal GABAergic neurons output was revealed. We observed that cortical, but not thalamic
input, enhanced the number of releasable GABAergic synaptic vesicles and morphological synapses. Importantly, these alterations were
reverted by blockade of neuronal activity and glutamate receptors, as well as disruption of BDNF-TrkB signaling. Together, our data
indicate, for first time, that GABAergic synapse formation in corticostriatal pairs depends on two parallel, but potentially intersecting,
signaling pathways that involve glutamate receptor activation in striatal neurons, as well as BDNF signaling. Understanding how cortical
and thalamic inputs refine striatal output will pave the way toward dissecting basal ganglia activity in both physiological and pathological
conditions.
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Introduction
The striatum is a unique structure containing a high density of
GABAergic projection neurons. It serves as the primary gateway

for glutamatergic input to the basal ganglia, and its inhibitory
output is associated primarily with motor function (Albin et al.,
1989; DeLong, 1990). Based on previous in vivo studies, �95% of
striatal neurons are spiny (medium spiny neurons [MSNs]) and
interconnected by local recurrent axon collateral synapses
(Czubayko and Plenz, 2002; Tunstall et al., 2002). The MSNs
project within basal ganglia networks, such as globus pallidus and
substantia nigra, through direct and indirect output pathways
(Albin et al., 1989; Gerfen, 1992). In recent years, much attention
has been drawn toward unveiling the role of striatal projection
neuron output in movement (Cui et al., 2013; Oldenburg and
Sabatini, 2015; Rothwell et al., 2015), but despite the advances in
our understanding of basal ganglia circuitry, mechanisms con-
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Significance Statement

Striatal GABAergic microcircuits are critical for motor function. However, the mechanisms controlling striatal output, particu-
larly at the level of synaptic strength, are unclear. Using two-neuron culture system, we quantified the synaptic output of individ-
ual striatal GABAergic neurons paired with a glutamatergic partner and studied the influence of the excitatory connections that
are known to be interregionally formed in vivo. We found that glutamatergic input potentiated striatal inhibitory output, poten-
tially involving an increased feedback and/or feedforward inhibition. Moreover, distinct components of glutamatergic innerva-
tion, such as firing activity or release of neurotrophic factors were shown to be required for the glutamatergic-induced phenotype.
Investigation, therefore, of two-neuron in vitro microcircuits could be a powerful tool to explore synaptic mechanisms or disease
pathophysiology.
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trolling striatal output, particularly at the level of synaptic
strength, are still far from clear.

One possible component for shaping the output of striatal
neuron synapses is the glutamatergic input onto the neurons
themselves. Glutamatergic innervation into striatum mainly
originates from cerebral cortex (Kemp and Powell, 1970;
McGeorge and Faull, 1989) and thalamus (Groenewegen and
Berendse, 1994; Salin and Kachidian, 1998). In particular, motor
cortex gives rise to massive excitatory projections that end at the
striatum and provide the striatum with information necessary to
control motor behavior (Gerfen, 1992; Wilson, 2014). In parallel,
thalamic nuclei projections target sensorimotor striatal regions
and influence the processing of functionally segregated informa-
tion (Smith et al., 2004). Previous studies suggest that glutama-
tergic input not only provides excitation to target GABAergic
neurons, but also modulates the size of their inhibitory output,
particularly in interneurons through control of synapse forma-
tion (Chang et al., 2014). If such modulation is also present at
striatal GABAergic neurons, it could have the potential to affect
the balance of direct and indirect striatal projections, the strength
of lateral inhibition through recurrent connections within stria-
tum, and hence general basal ganglia function.

In the past, efforts have been made to decipher how corticos-
triatal (CS) and thalamostriatal (TS) projections modulate stria-
tal circuit activity and MSN excitability (Wilson, 1993; Ding et al.,
2008). It has been shown in vivo that cortical activity is correlated
with MSN transitions from inactive or hyperpolarized to depo-
larized states, suggesting that prolonged depolarizations are de-
termined by sustained excitatory activity (Stern et al., 1997).
Additionally, experiments in acute mouse brain slice revealed
that glutamatergic afferents projecting from cortex and thalamus
exhibit different short-term synaptic plasticity properties, pro-
moting distinct patterns of MSN spiking (Ding et al., 2008). Al-
though these studies yielded valuable insights, innate technical
problems prevent the ability to identify the role of glutamatergic
input in regulating striatal activity and to quantify the synaptic
output of individual striatal neurons. Dissociated in vitro cell
culture systems are at present the most efficient method for re-
cording pairs (Randall et al., 2011) and quantifying the input and
output of individual striatal neurons.

In the present study, we used an in vitro dissociated two-
neuron interregional microcircuit to explore whether glutama-
tergic input from cortex or thalamus affects the output of
individual striatal GABAergic projection neurons. We recorded
connected neurons and evaluated the number of synaptic con-
tacts involved in striatal transmission and identified the synaptic
properties of all the possible connections. Furthermore, we ex-
plored the contributions of distinct components of glutamatergic
innervation, such as introduction of activity or release of BDNF,
both of which are crucial for GABAergic synapse formation and
function (Hartman et al., 2006; Park and Poo, 2013; Chang et al.,
2014). We found that glutamatergic input onto striatal GABAe-
rgic neurons did indeed modulate inhibitory synaptic transmis-
sion by regulating their output. This process was dependent on
action potential generation, glutamatergic synaptic transmission,
and BDNF secretion. Together, these results provide insights into
basal ganglia physiology and suggest molecular mechanisms
through which glutamatergic input modulates striatal output
pathways in healthy brain.

Materials and Methods
Mice and cell culture. Animal housing and use were in compliance with,
and approved by, the Animal Welfare Committee of Charité Medical

University and the Berlin State Government Agency for Health and So-
cial Services (License T0220/09). Newborn C57BLJ6/N mice (P0 –P2) of
both sexes were used for all the experiments.

Primary neurons were seeded and cultured on microisland astrocyte
feeder layers that were prepared 2 weeks before the neuronal culture
preparation. Astrocytes derived from C57BL/6N mouse cortices (P0 –P1)
were plated on collagen/poly-D-lysine microislands made on agarose-
coated coverslips using a custom-built rubber stamp to achieve uniform
size (200 �m diameter). For all experiments, neurons from striatum,
cortex, or thalamus were digested with papain (Worthington), mechan-
ically dissociated, and plated on astrocytes in a chemically defined me-
dium (Neurobasal-A medium supplemented with Glutamax and B-27;
Invitrogen). For two-neuron cultures, neurons were plated at 1:1 ratio
and at a total density of 1 � 10 4 neurons per 35 mm well. For mass
cultures used for qPCR, neurons were plated in absence of astrocytic
layer at a density of 5 � 10 5 to 6 � 10 5 neurons per 35 mm well.

For drug treatment experiments, neurons were treated with 0.5 �M

TTX (Tocris Bioscience); 2 �M NBQX (Tocris Bioscience) and 100 �M

APV (Tocris Bioscience); 200 nM K252a (Tocris Bioscience); BDNF neu-
tralizing antibody �-BDNF (1:100; Millipore) and human recombinant
BDNF (50 ng/ml; PeproTech) at DIV 3, 7, 11.

Membrane dye labeling. To identify the cell region of origin in electro-
physiological recordings, dissociated tissues for the two-neuron cultures
were labeled with different fluorescent membrane dyes (PKH26 red or
PKH67 green) using a fluorescent cell linker kit for general membrane
labeling (Sigma-Aldrich).

Electrophysiology. Paired whole-cell voltage-clamp recordings were
performed with a Multiclamp 700B amplifier (Molecular Devices) under
the control of Clampex 10.2 (Molecular Devices) between DIV 12 and 15.
Data were digitally sampled at 10 kHz and low-pass Bessel filtered at 3
kHz with an Axon Digidata 1440A digitizer (Molecular Devices). Series
resistance was compensated at 70%, and only cells with �12 M� resis-
tance were included. All experiments were performed at room tempera-
ture (23°C–24°C).

During recordings, neurons were immersed in standard extracellular
solution consisting of the following (in mM): 140 NaCl, 2.4 KCl, 10
HEPES, 10 glucose, 4 MgCl2, and 2 CaCl2. The patch pipette internal
solution contained the following (in mM): 136 KCl, 17.8 HEPES, 1 EGTA,
0.6 MgCl2, 4 ATP-Mg, 0.3 GTP-Na, 12 phosphocreatine, and 50 U/ml
phosphocreatine kinase. Both solutions were adjusted to pH 7.4 with
osmolarity at 300 mOsm. Borosilicate glass patch pipettes were pulled
using a multistep puller (P-87, Sutter Instruments) using conditions that
kept pipette tip resistance between 2 and 5 M�.

Action potential-evoked postsynaptic currents (PSCs) were triggered
by a 2 ms somatic depolarization from �70 mV (holding potential) to 0
mV. Neurons were stimulated at 0.1 Hz in standard external solution to
measure basal-evoked EPSCs (excitatory postsynaptic currents) or IPSCs
(inhibitory postsynaptic currents). The kinetics of the evoked responses
and AMPA receptor antagonist (3 �M NBQX; Tocris Bioscience) were
used to verify glutamatergic or GABAergic identities. Spontaneous re-
lease of GABAergic cells only was determined by detecting mIPSCs (min-
iature inhibitory postsynaptic currents) in the presence of NBQX, for
20 – 40 s at �70 mV with the help of a template-based algorithm in
Axograph X version 1.6.4 (Axograph Scientific). Data were filtered at 1
kHz, and the threshold for detection was set at 3 times the baseline SD
from a template of 0.5 ms rise and 18 ms decay time for GABAergic
events. Membrane capacitance measurements were obtained from the
membrane test function in pClamp (Molecular Devices). Readily releas-
able pool (RRP) size of striatal cells (GABAergic only) was assessed by
measuring the charge transfer of the transient synaptic current induced
by a 5 s application of 500 mM hypertonic sucrose in standard extracel-
lular solution supplemented with NBQX (Rosenmund et al. 1996). The
output RRP was the sum of the autaptic and heterosynaptic RRPs in
mixed pairs (Glu-GABA). In the case of control striatal pairs (GABA-
GABA), a configuration in which the contribution of each neuron’s out-
put RRP is not pharmacologically distinguishable, the output RRP was
divided by half for each GABAergic neuron, assuming that both RRPs are
of equal size. The number of synaptic vesicles in the RRP of neurons was
calculated by dividing the sucrose charge by the charge of the average
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miniature event of the same neuron. Similarly, the release probability of
a single synapse (Pvr) was calculated as the ratio of input-evoked re-
sponse charge (autaptic and heterosynaptic connections ending at each
postsynaptic neuron) to output RRP charge of the same neuron. Short-
term plasticity was examined by evoking either 50 synaptic responses at 5
Hz or 2 responses at 20 Hz (interstimulus interval of 50 ms) to calculate
a paired-pulse ratio (PPR; response 2/response 1). Data were analyzed in
Axograph X (Axograph Scientific), Excel (Microsoft), and Prism
(GraphPad). All experiments were performed blinded to the experimen-
tal groups, and coverslips were always randomized to drug treatments in
all experiments. Cells were excluded for further analysis when neither
sponanteous release nor hypertonic sucrose-evoked release was detected.

Immunocytochemistry. At DIV 12–15 (unless otherwise noted), neu-
rons were rinsed with PBS and fixed in 4% w/v PFA in PBS, pH 7.4 for 10
min in room temperature, after which they were washed 3 times in PBS.
Following permeabilization and blocking with 5% v/v normal donkey
serum in PBS with 0.1% Tween (PBST) for 1 h, cells were incubated with
primary antibodies of interest overnight at 4°C. We used the following
antibody dilutions: (1) mouse anti-vesicular GABA transporter (VGAT)
(1:1000; Synaptic Systems), (2) chicken anti-microtubule-associated
protein 2 (MAP2) (1:2000; Millipore), (3) guinea pig anti-vesicular glu-
tamate transporter 1(VGLUT1) (1:4000; Synaptic Systems), and (4)
guinea pig anti-vesicular glutamate transporter 2(VGLUT2) (1:1000;
Synaptic Systems). Coverslips were then washed 3 times with PBST for 15
min each, and primary antibodies were labeled with secondary
AlexaFluor-488, -555, or -647 (1:500; Jackson ImmunoResearch Labo-
ratories) antibodies for 1 h at room temperature. Finally, coverslips were
washed twice with PBST and twice with PBS for 15 min, each after that
they were mounted on glass slides with Mowiol.

Quantification of neuronal morphology. For morphological analysis,
16-bit images were acquired on an Olympus IX81 inverted epifluores-
cence microscope at 20� optical magnification with a CCD camera
(Princeton MicroMax; Roper Scientific) and MetaMorph software (Mo-
lecular Devices). At least three independent cultures were imaged and
analyzed blindly to groups for every experiment. All images were ac-
quired using equal exposure times and subjected to uniform background
subtraction (radius of 30 pixels) and optimal threshold adjustment.

To determine total dendrite length, MAP2-positive processes were
traced with the NeuronJ plugin (Meijering et al., 2004) and cross-
sectional area across the MAP2-positive cell body was measured to esti-
mate the area of neuronal somata. For synapse number quantification,
GABAergic synapses were identified by immunoreactivity to VGAT an-
tibody, while glutamatergic synapses in coriticostraital pairs were iden-
tified by immunoreactivity to VGLUT1 antibody and glutamatergic
synapses in TS pairs identified by immunoreactivity to VGLUT2 anti-
body according to the reported vesicular glutamate transporter isoform
expression pattern (Fremeau et al., 2001; Fujiyama et al., 2001). The total
number of GABAergic and glutamatergic synapses was quantified by
manually counting the VGAT and VGLUT1 (cortex) or VGLUT2 (thal-
amus) fluorescent punta, respectively. After background subtraction
with a rolling ball of a radius of 30 pixels and threshold adjustment,
images were converted to binary using ImageJ plugin. Only puncta with
�6 pixels^2 were included in the analysis. For heterotypic pairs, the total
number of VGAT puncta represented all the synapses of the GABAergic
partner, while in homotypic striatal pairs the same measure represented
the synapses from both GABAergic cells. Therefore, the total number of
VGAT puncta was divided by half, in the case of striatal pairs. Raw values
were exported to Prism (GraphPad) for further analyses.

qRT-PCR. Total cellular RNA was extracted using QIAzol Lysis Re-
agent (QIAGEN) reagent and followed by cDNA synthesis using M-MLV
reverse transcriptase (Promega) and random hexanucleotides. The
mRNA expression levels of each sample were normalized to tubulin
(Tubb3) mRNA content. For detection of the amplification products in
Tubb3 and Bdnf RT-PCR, we used SYBR Green dye-based PCR amplifi-
cation (Thermo Fisher Scientific) and the QuantStudio 3 detection sys-
tem (Applied Biosystems). The following sequence-specific primers
(MWG Biotech) were used: Tubb3 forward, 5�-GCGCATCAGCGTAT
ACTACAA-3� and reverse, 5�-CATGGTTCCAGGTTCCAAGT-3�;

Bdnf forward, 5�-GACGACATCACTGGCTGACA-3� and reverse,
5�-CAAGTCCGCGTCCTTATGGT-3�.

Statistical analysis. Power analysis was performed using the pwr R
package (https://github.com/heliosdrm/pwr) before experimental de-
sign to estimate the sample size for detecting differences, if exist, between
conditions. A statistical power of 0.8 was set for pairwise comparisons,
with a two-sided Type I error rate of 0.05 and a medium effect size of 0.5
(Cohen, 1988). To evaluate our methodological approach, at the end of
the experiment, the statistical power was recalculated (�0.9 in all cases)
using the empirical mean values of the compared groups, the SD, the �,
and sample size. To test the normality of the data, we used the
D’Agostino-Pearson test. Student’s t test for independent groups and
one-way ANOVA using Tukey HSD post hoc test were used to assign the
level of statistical significance between conditions. When parametric as-
sumptions were violated, we performed Mann–Whitney U test and
Kruskal–Wallis test coupled with Dunn’s post hoc test. All analyses were
performed in Prism version 7 (GraphPad). Data are presented as mean �
SEM.

Results
To investigate the interaction between excitatory (cortical or tha-
lamic) and striatal inhibitory neurons on the cellular level, we used
two-neuron microisland cultures. In each condition, we systemati-
cally altered the neuron type (glutamatergic or GABAergic) and the
tissue origin (cortex/thalamus or striatum) of each neuron. The
tissue origin of each cell was determined by membrane dye-labeling
of dissociated neurons before plating (see Materials and Methods),
and neurotransmitter type was determined by kinetics of the post-
synaptic responses (Fig. 1). This in vitro approach allowed us for an
unambiguous and quantitative electrophysiological (455 pairs) and
morphological (191 pairs) characterization of synaptic connectivity
and function of neurons of known identity.

Glutamatergic innervation onto striatal neurons increases
GABAergic synaptic output
Synapses originating from cortical or thalamic neurons onto
MSNs provide most of the excitatory glutamatergic input onto
the striatum (Smith and Bolam, 1990; Doig et al., 2010). Hence,
we decided to test for changes in synaptic connectivity and
strength with the innervation of striatal GABAergic neurons with
either of the two inputs. To do so, we used a two-neuron micro-
circuit culture system and compared control striatal (SS) (only
GABAergic; homotypic) pairs to CS or TS (glu-GABA; hetero-
typic) pairs (Fig. 1; Fig. 1-1, available at https://doi.org/10.1523/
JNEUROSCI.2630-18.2019.f1-1). Because in this confi-
guration, each neuron forms a synaptic connection with its
partner (heterosynapses), as well as with itself (autapses), four
distinct synaptic connections are present in each pair (Fig. 1A–
C). To demonstrate that all changes in GABAergic output are
specific to the presence of glutamatergic partner, we used single
striatal neurons, growing on glial islands, as a second control, and
compared their properties with homotypic GABA pairs.

First, we analyzed the impact of glutamatergic innervation on
action-potential-evoked IPSCs generated by striatal GABAergic
neurons, by looking at the total autaptic and heterosynaptic re-
sponses. Both cells in each pair configuration (Fig. 1A–C) were
measured simultaneously using whole-cell patch-clamp of their
somata, and subsequent brief depolarizations were applied to
elicit an action potential in either of the connected neurons. Stri-
atal neurons paired with either a cortical or thalamic glutamater-
gic partner revealed an approximately twofold increase in evoked
IPSC total amplitude (CS: �21.14 � 3.12 nA, n 	 29, p 	 0.006;
TS: �19.13 � 3.29 nA, n 	 25, p 	 0.026, Kruskal–Wallis test),
compared with those paired with another striatal GABAergic
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Figure 1. Striatal GABAergic output is modulated by glutamatergic input. A–C, Schematic diagram illustrating autaptic and heterosynaptic connections in striatal (dark blue represents GABAergic
only), CS (pink represents glu-GABA), and TS (green represents glu-GABA) pairs. D–Q, Functional analysis of striatal autapses (light blue traces and dots), striatal pairs (blue traces and dark blue dots),
CS pairs (pink traces and dots), and TS pairs (green traces and dots). D–F, Representative traces of GABAergic response to paired pulse stimulation with 50 ms interstimulus interval and to a 5 s pulse
of 500 mM hypertonic sucrose solution (dark represents autaptic; light represents heterosynaptic). G–J, Scatter plots showing total evoked IPSC amplitudes (G), RRP size (Figure legend continues.)
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neuron (SS IPSC: �10.51 � 1.23 nA, n 	 60) (Fig. 1D–G). These
findings suggest that glutamatergic input increases the magni-
tude of GABAergic output of striatal neurons.

The magnitude of the evoked IPSC depends on the number of
fusion competent vesicles RRP, the efficiency of the calcium-
triggered fusion of synaptic vesicles (vesicular release probability,
Pvr) and the postsynaptic response to the release of an individual
vesicle (quantal size) (del Castillo and Katz, 1954; Reim et al.,
2001). To determine which of these parameters underlie the in-
crease in evoked release of striatal neurons in mixed pairs, first,
we looked at readily releasable vesicles in the presence of the
glutamate receptor antagonist, NBQX. When we measured RRP
size by integrating the charge resulting from the pulsed applica-
tion of hypertonic sucrose supplemented with NBQX, we found
that the total RRP size in striatal neurons connected with gluta-
matergic neurons was increased by 67% for CS and 102% for TS
pairs compared with striatal neuron pairs (SS: �3.77 � 0.30 nC,
n 	 54; CS: �6.30 � 0.62 nC, n 	 27, p 	 0.002; TS: �7.61 �
0.91 nC, n 	 24, p 	 0.001, Kruskal–Wallis test) (Fig. 1D–F,H).
This suggests that the magnitude of the increase in the RRP was
comparable with the increase seen in the IPSC (101% and 82%,
respectively). We next examined whether glutamatergic input
affects the presynaptic release efficiency by calculating the prob-
ability of single vesicle to undergo exocytosis (Pvr; IPSC charge
divided by sucrose-evoked charge) or the PPR. Our data revealed
no changes in Pvr and PPR (SS: 13.66 � 1.24%, n 	 48; CS:
11.64 � 1.79%, n 	 27, p 	 0.625; TS: 14.07 � 1.76%, n 	 24, p 

0.999, Kruskal–Wallis test) (Fig. 1 I, J), implying that glutamater-
gic input affects RRP size without altering presynaptic calcium-
dependent release efficiency.

To assess quantal size, we analyzed spontaneous release
events, or mIPSCs. We noted that the mean mIPSC amplitude of
striatal neurons in mixed pairs was significantly greater than con-
trols by �70% (SS: �44.31 � 3.04 pA, n 	 42; CS: �74.24 � 7.07
pA, n 	 38, p 	 0.002; TS: �79.17 � 8.16 pA, n 	 32, p 	 0.001,
Kruskal–Wallis test), as was the mIPSC charge (SS: �838.10 �
68.96 fC, n 	 42; CS: �1379 � 129.2 fC, n 	 38, p 	 0.004; TS:
�1454 � 172.5 fC, n 	 32, p 	 0.01, Kruskal–Wallis test) (Fig.
1K–O). To eliminate the possibility that the mIPSC increase in
mixed pairs is due to the nature of postsynaptic responses in
glutamatergic neurons, we compared the mIPSC amplitudes re-
corded only in the striatal GABAergic neurons in both homotypic
and mixed pairs. We found that the GABAergic mIPSCs recorded
in striatal neurons (autaptic) were also significantly increased by
�65% (SS: �45.26 � 2.9 pA, n 	 49; CS: �75.32 � 6.6 pA, n 	
41, p � 0.0001; TS: �72.96 � 11.44 pA, n 	 15, p 	 0.043,
Kruskal–Wallis test), suggesting that glutamatergic input alters
the striatal neuron’s sensitivity to GABA itself and thus potenti-
ates the collateral feedback inhibition. The frequency of inhibi-
tory miniature events was not changed despite the presence of

glutamatergic input (SS: 2.15 � 0.26 Hz, n 	 42; CS: 1.70 � 0.35
Hz, n 	 41, p 	 0.121; TS: 2.54 � 0.47 Hz, n 	 36, p 
 0.999,
Kruskal–Wallis test) (Fig. 1P). We then calculated the total num-
ber of vesicles in the RRP by dividing the total output RRP charge
by the average charge of the miniature events from each neuron.
Our analysis showed that the mean number of synaptic vesicles
contained in the RRP of striatal neurons was significantly in-
creased only in the case of CS pairs by 91%, but not in that of TS
(SS: 4445 � 362, n 	 35; CS: 8498 � 1700, n 	 16, p 	 0.04; TS:
5197 � 990, n 	 14, p 
 0.999, Kruskal–Wallis test) (Fig. 1Q).
This suggests a differential effect of cortical and thalamic inner-
vation in striatum, in a way that only cortical input causes an
increase in the number of RRP vesicles, whereas the increased
RRP size in TS connections reflects the postsynaptic effect as
supported by increased mIPSC size.

Different connectivity patterns revealed between CS and
TS pairs
To gain a better insight into the differential effect of cortical and
thalamic input onto striatal neurons, we analyzed the strength of
synaptic connection in mixed pairs by assessing the total excit-
atory output of glutamatergic partners (Fig. 1R–T). We noted
that the total EPSC amplitude of cortical neurons was 52%
greater than the thalamic one (CS: �9.78 � 1.53 nA, n 	 30; TS:
�4.72 � 0.95 nA, n 	 25, p 	 0.006, Mann–Whitney test) (Fig.
1R,S). However, when applying the paired pulse stimuli, the re-
sponse ratios were indistinguishable (CS: 0.98 � 0.05, n 	 30; TS:
1.06 � 0.09 nA, n 	 25, p 	 0.42, t test) (Fig. 1T), indicating that
the relatively higher output from the cortical neurons onto stri-
atal GABAergic neurons was not due to higher release efficacy,
but was likely caused by a higher number of synaptic connections.

Excitation of either neuron within a pair resulted in autaptic
(dark color bars) and heterosynaptic (light color bars) evoked
responses from each neuron (Fig. 1U,V). Glutamatergic neurons
from cortex, in mixed pairs, evoked on average bigger autaptic
versus heterosynaptic responses (CS autaptic: �6.07 � 1.04 nA;
heterosynaptic: �3.71 � 0.70 nA, n 	 30, p 	 0.04, Mann–
Whitney test), while thalamic partners showed comparable au-
taptic and heterosynaptic EPSC amplitudes (TS autaptic:
�2.44 � 0.66 nA; heterosynaptic: �2.49 � 0.56 nA, n 	 25, p 	
0.984, Mann–Whitney test) (Fig. 1U). To investigate whether the
change in striatal GABAergic output was general or target spe-
cific, we compared the autaptic and heterosynaptic connections
of striatal neurons across the different groups (Fig. 1V). In accor-
dance with previous findings from hippocampal interneurons
(Liu et al., 2009, 2013; Chang et al., 2014), we found that autaptic
responses of striatal GABAergic neurons were twofold higher
than heterosynaptic in homotypic pairs (SS autaptic: �7.51 �
0.99 nA; heterosynaptic: �3.01 � 0.41 nA, n 	 60, p � 0.0001,
Mann–Whitney test) (Fig. 1V). Interestingly, while the total
IPSC output (autaptic and heterosynaptic) from striatal neurons
was significantly greater in the presence of either cortical or tha-
lamic partner (Fig. 1G), the preference for autaptic connections
was only preserved in TS connections (Fig. 1V). On the other
hand, upon cortical innervation, striatal neurons showed a spe-
cific increase in heterosynaptic response (Fig. 1V; p 	 0.0045).
This could imply a target specific modulation of striatal neuron
output in the CS microcircuit.

Cortical input increases the number of GABAergic synapses
in striatal neurons
Our electrophysiological experiments indicated a differential ef-
fect of cortical and thalamic innervation on striatal neurons func-
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(Figure legend continued.) (H), Pvr% (I), and PPR (J). K–M, Representative traces showing
miniature postsynaptic current activity (dark represents autaptic; light represents heterosyn-
aptic). N–Q, Scatter plots showing mean mIPSC amplitudes (N), charge (O), frequency (P), and
RRP vesicle number (Q). R, Representative traces of glutamatergic response to paired pulse
stimulation with 25 ms interstimulus interval (dark represents autaptic; light represents het-
erosynaptic; pink represents CS pairs; green represents TS pairs). S, T, Scatter plots showing total
evoked EPSC amplitudes (S) and PPR (T). U, V, Bars graphs showing the mean PSC amplitude of
autaptic and heterosynaptic responses of glutamatergic (U) and GABAergic neurons in homo-
typic or heterotypic pairs (V). Data are mean � SEM. ns refers to not significant, *p � 0.05,
**p � 0.01, ***p � 0.001, ****p � 0.0001. See also Figure 1-1 (available at
https://doi.org/10.1523/JNEUROSCI.2630-18.2019.f1-1).
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tion. While we observed an increase in the magnitude of the RRP
output size of striatal GABAergic neurons cocultured with either
glutamatergic partner, only striatal neuron paired with a cortical
glutamatergic neuron exhibited an increase in the number of
RRP vesicles (Fig. 1H,Q). The increase in RRP vesicles could be a
result of either a higher number of vesicles per synapse or by an
increase in the number of synapses. To determine the locus of
RRP vesicle increase in striatal GABAergic neurons paired with a
cortical glutamatergic neuron, we examined the morphology of
two-neuron cultures immunolabeled with antibodies against: (1)
the predominant subtype of VGLUT in cortical or thalamic neu-
rons, VGLUT1 or VGLUT2, respectively, to mark glutamatergic

synapses (Fremeau et al., 2001; Fujiyama et al., 2001); (2) VGAT
to mark GABAergic synapses; and (3) MAP2 to visualize den-
drites. We quantified the number of VGAT-positive puncta in
mixed and control pairs, and found near doubling (187%) in the
number of GABAergic synapses made by striatal neurons in CS
pairs, but not in TS pairs (103%), compared with control neu-
rons (SS: 174.8 � 17.48, n 	 23; CS: 326.3 � 41.52, n 	 21, p 	
0.009; TS: 175.4 � 17.72, n 	 26, p 
 0.999, Kruskal–Wallis test)
(Fig. 2A,B; Fig. 2-1, available at https://doi.org/10.1523/
JNEUROSCI.2630-18.2019.f2-1). This is consistent with our
findings from electrophysiological analysis and suggests that the
larger number of RRP vesicles of striatal GABAergic neurons in

Figure 2. Cortical input increases the number of GABAergic synapses in striatal neurons. A, B, Morphological analysis of striatal autapses (light blue dots), striatal pairs (dark blue dots), CS pairs
(pink dots), and TS pairs (green dots). A, Representative images of neuronal morphology showing immunoreactivity for MAP2, VGAT, and VGLUT1 (cortical synapses) or VGLUT2 (thalamic synapses).
B, C, Scatter plots showing the number of VGAT synapses per neuron (B), the number of VGLUT1 or VGLUT2 synapses per neuron (C), and mean membrane capacitance measurements as obtained
from the membrane test (D). Data are mean � SEM. ns refers to not significant, **p � 0.01, ****p � 0.0001. See also Figure 2-1 (available at https://doi.org/10.1523/
JNEUROSCI.2630-18.2019.f2-1).
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CS pairs is largely due to an increase in the number of GABAergic
synapses formed. Indeed, when we quantified the number of ex-
citatory synapses, VGLUT1-positive puncta for CS pairs or
VGLUT2-positive puncta for TS pairs, we revealed a higher num-
ber of connections formed by cortical compared with thalamic
partners (CS: 312.2 � 38.7, n 	 23; TS: 118.2 � 15.5, n 	 25, p �
0.0001, Mann–Whitney test) (Fig. 2C). This increased input from
the cortical partners may underlie the further expansion of inhi-
bition by the striatal neuron in this pair configuration compared
with the TS pairs.

We also noted that striatal neurons tended to have an in-
creased membrane capacitance (Cm) when cultured with ei-
ther glutamatergic cells, compared with control neurons (SS:
20.22 � 1.32 pF, n 	 58; CS: 24.75 � 2.32 pF, n 	 29, p 	
0.368; TS: 24.02 � 2.87 pF, n 	 24, p 
 0.999, Kruskal–Wallis
test) (Fig. 2D). Plausibly, changes in membrane capacitance
correspond to an increase in cell surface area, and thus indi-
cate a stimulation of growth of GABAergic neurons by gluta-
matergic innervation.

Neuronal activity modulates GABAergic synapse formation
and function in CS pairs
To gain mechanistic insight into how glutamatergic innervation
drives the morphophysiological changes in striatal GABAergic
output, we went on to characterize the factors responsible for
changes induced in the striatal neurons only in CS pairs. We first
investigated the role of neuronal activity (Fig. 3; Fig. 3-1, available
at https://doi.org/10.1523/JNEUROSCI.2630-18.2019.f3-1). To
do so, we chronically inhibited neuronal activity in CS cultures
with TTX (0.5 �M) to block neuronal firing or glutamate receptor
antagonists (2 �M NBQX, 100 �M AP5) to block postsynaptic
receptor activation, applied to the culture media at DIV 3, 7, 11.
We found that the IPSC amplitude in TTX-treated CS pairs was
reduced by 59% and in NBQX/APV-treated CS pairs by 58%,
compared with untreated CS pairs (CS: �17.93 � 1.87 nA, n 	
37; CS�TTX: �7.34 � 1.25 nA, n 	 21, p 	 0.005; CS�NBQX/
APV: �7.50 � 0.89 nA, n 	 18, p 	 0.041, Kruskal–Wallis test)
(Fig. 3A). Likewise, RRP GABAergic size showed a significant
decrease by 42% for TTX-treated CS pairs and by 50% for NBQX/

Figure 3. Activity modulates GABAergic synapse output in CS pairs. A–F, Functional analysis of striatal pairs (blue color scale dots), CS pairs (red color scale dots). Scatter plots showing total
evoked IPSC amplitudes (A), RRP size (B), Pvr% (C), mIPSC amplitudes (D), RRP vesicle number (E), and mean membrane capacitance measurements as obtained from the membrane test (F). Data
are mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. See also Figure 3-1 (available at https://doi.org/10.1523/JNEUROSCI.2630-18.2019.f3-1).
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APV-treated CS pairs (CS: �6.75 � 0.67 nC, n 	 37; CS�TTX:
�3.88 � 0.66 nC, n 	 20, p 	 0.05; CS�NBQX/APV: �3.39 �
0.58 nC, n 	 19, p 	 0.008, Kruskal–Wallis test) (Fig. 3B). The
release probability (Pvr) or short-term plasticity (PPR) charac-
teristics as determined by paired pulse experiments were not sig-
nificantly different after any drug application (Fig. 3C).
Furthermore, we tested the effect of TTX or NBQX/APV treat-
ment on the spontaneous release. In every case, chronic activity
blockade effectively reversed the potentiation of mIPSC ampli-
tudes upon cortical innervation back to control levels (CS:
�77.56 � 4.51 pA, n 	 69; CS�TTX: �50.61 � 4.23 pA, n 	 34,
p 	 0.001; CS�NBQX/APV: �54.62 � 5.15 pA, n 	 29, p 	
0.028, Kruskal–Wallis test) (Fig. 3D). The number of vesicles
released onto striatal neurons in CS pairs treated with TTX or
NBQX/APV tended to be decreased back to the level of control
striatal pairs (SS: 2740 � 450.7, n 	 34; CS: 5988 � 716.1, n 	 35;
CS�TTX: 2963 � 451.9, n 	 19, p 	 0.187; CS�NBQX/APV:
2837 � 388.6, n 	 19, p 	 0.144, Kruskal–Wallis test) (Fig. 3E) as
was true also for the membrane capacitance (SS: 19.3 � 1.24 pF,
n 	 41; CS: 27.11 � 2.85 pF, n 	 39; CS�TTX: 17.5 � 1.87 pF,
n 	 24, p 	 0.218; CS�NBQX/APV: 21.53 � 2.12 pF, n 	 17, p 

0.999, Kruskal–Wallis test) (Fig. 3F). In general, control striatal
pairs treated with either TTX or NBQX/APV did not show any
significant differences, compared with the untreated controls.
Overall, our results indicate that, in CS pairs, the GABAergic
output is significantly shaped by action potential firing and asso-
ciated glutamate release from the glutamatergic neuron.

BDNF elicits morphological differentiation of isolated striatal
GABAergic neurons
In addition to providing excitatory neurotransmission to a cir-
cuit, glutamatergic neurons are also the source of other impor-
tant factors, including BDNF, which is crucial for GABAergic
neuronal development (Park and Poo, 2013). In striatum, BDNF
is considered to be released from glutamatergic synapses and not
from the striatal MSNs themselves (Baydyuk and Xu, 2014).
Given our findings that glutamatergic innervation stimulates for-
mation of new synapse growth in GABAergic neurons, we inves-
tigated whether BDNF release from a cortical partner is involved
in this growth.

First, we asked whether the application of BDNF alone is nec-
essary and sufficient to induce the observed changes in striatal
GABAergic output. We investigated the effects of BDNF on stri-
atal GABAergic neuron morphology by chronically treating sin-
gle striatal GABAergic neurons grown on microislands (autaptic
culture) with BDNF (50 ng/ml at DIV 3, 7, 11) and performing
immunocytochemical analysis at DIV 12–15 (Fig. 4). BDNF
treatment resulted in a significant increase in growth of the stri-
atal autaptic neurons. Particularly, soma size, VGAT-positive
puncta, and dendritic length increased by 81% (control: 92.66 �
5.47 �m 2, n 	 40; BDNF: 168.1 � 9.21 �m 2, n 	 50, p � 0.0001,
Kruskal–Wallis test), 87% (control: 127.6 � 14, n 	 38; BDNF:
238.5 � 20.03, n 	 46, p 	 0.0001, Kruskal–Wallis test), and 75%
(control: 714.3 � 62.08 �m, n 	 39; BDNF: 1251 � 93.45 �m,
n 	 47, p � 0.0001, Kruskal–Wallis test), respectively. This
growth was fully reverted by an antagonist for BDNF receptors
(tyrosine receptor kinase (Trk) antagonist; K252a 200 nM at DIV
3, 7, 11) (BDNF�K252a soma: 122.9 � 6.80 �m 2, n 	 38, p 	
0.031; VGAT synapses: 120.3 � 10.72, n 	 39, p 	 0.0002; den-
dritic length: 783.7 � 73.33 �m n 	 44, p 	 0.0004, Kruskal–
Wallis test) (Fig. 4A–D; Fig. 4-1A, available at https://doi.org/
10.1523/JNEUROSCI.2630-18.2019.f4-1). In addition, we per-
formed a series of experiments using the selective TrkB antago-

nist ANA12 (10 �M at DIV 3, 7, 11). However, due to irregular
toxicity effects of ANA12 on the supporting astrocytes (
80% of
the astrocytic islands per culture were dissolved between the sec-
ond and third dose at DIV 9 –11; data not shown), we decided to
only proceed with K252a. As an additional control experiment, to
verify the specificity of BDNF-mediated morphological changes,
we chronically treated the autaptic neurons with 50 ng/ml heat-
inactivated BDNF (BDNF was heat-inactivated by boiling for 5
min immediately before use at DIV 3, 7, 11). Neurons treated
with heat-inactivated BDNF revealed no changes in morphology
(VGAT synapses control: 116.9 � 8.41, n 	 36; BDNF-heated:
122.9 � 10.8, n 	 39, p 	 0.948, Mann–Whitney test).

We next examined the functional implications of BDNF
treatment on GABAergic output of single striatal autaptic
neurons (Fig. 4-1B, available at https://doi.org/10.1523/
JNEUROSCI.2630-18.2019.f4-1). Even though morphological
analysis revealed a clear increase in the number of GABAergic
synapses formed, BDNF-treated neurons showed a 14% decrease
in evoked IPSC amplitude (control: �6.84 � 0.63 nA, n 	 76;
BDNF: �5.89 � 0.63 nA, n 	 127, p 	 0.013, Mann–Whitney
test) (Fig. 4E), with no significant difference in the RRP size (con-
trol: �3.13 � 0.29 nC, n 	 76; BDNF: �2.47 � 0.17 nC, n 	 127,
p 	 0.092, Mann–Whitney test) (Fig. 4F). As there is no apparent
change in release efficiency (Fig. 4G), the slight decrease in the
autaptic IPSC amplitude likely reflects a smaller quantal size.
Indeed, consistent with this scenario, there was a 22% decrease in
mIPSC size (control: �50.12 � 2.87 pA, n 	 74; BDNF:
�39.27 � 1.88 pA, n 	 120, p 	 0.0009, Mann–Whitney test),
without any change in frequency, in BDNF-treated compared
with control neurons (Fig. 4H, J). One possible explanation for
the decreased quantal size in BDNF-treated striatal autapses is
that the increased number of synapses formed is not accompa-
nied by a concomitant increase in postsynaptic GABA receptors;
therefore, the same number of receptors is diluted over more
synapses. To test this possibility, we compared the responses to
exogenous GABA (5 �M) application and found that there was no
difference between BDNF-treated and control neurons (control:
1 � 0.1, n 	 8; BDNF: 0.97 � 0.09, n 	 10, p 	 0.834, t test) (Fig.
4K), even though the BDNF-treated neurons have a significantly
increased membrane capacitance (control: 17.78 � 1.06 pF, n 	
77; BDNF: 21.69 � 0.90 pF, n 	 128, p 	 0.0005, Mann–Whitney
test; Fig. 4L), and thus increased membrane surface area. This
suggests that while BDNF, in the absence of glutamatergic excit-
atory transmission, is able to induce synapse formation, it does
not support an increase in functional postsynaptic GABA recep-
tors mirroring the presynaptic changes.

Activity-dependent endogenous BDNF release modulates
GABAergic synapse formation and function in CS pairs
We have shown separately that glutamatergic excitatory trans-
mission in CS two-neuron microcircuit evokes changes in striatal
GABAergic output (Fig. 3) and that exogenous application of
BDNF to isolated striatal GABAergic neurons promotes synapse
formation (Fig. 4). However, is activity-dependent BDNF release
from the cortical neuron driving the changes that observed in the
striatal GABAergic neurons in CS pairs? We first investigated
whether, in our culture system, the source of BDNF is indeed the
glutamatergic inputs and not the striatal GABAergic neurons. To
this end, we compared mRNA levels using real-time PCR from
pure cultures of dissociated cortex or striatum. In agreement with
previous findings examining BDNF mRNA levels (Conner et al.,
1997; Gharami et al., 2008), we found that the BDNF mRNA was
twice as high in cortical versus striatal cultures (cortical 197 �
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26% of striatal, n 	 3, p 	 0.029, Mann–
Whitney test) (Fig. 5A), indicative of the
glutamatergic inputs as a potential source
of BDNF.

To test whether BDNF released from
glutamatergic neurons is required for the
observed changes in striatal GABAergic
output, we disrupted the BDNF-TrkB re-
ceptor signaling pathway in CS and stria-
tal only pairs (Fig. 5). We found that
chronically inhibiting TrkB receptors, us-
ing the Trk inhibitor K252a, reverted the
IPSC by 25% (SS: �5.21 � 0.89 nA, n 	
44; CS: �10.38 � 1.23 nA, n 	 54, p 	
0.007; CS�K252a: �7.73 � 1.47 nA,
n 	 32, p 	 0.042, Kruskal–Wallis test)
and the RRP by 40% in CS pairs (SS:
�2.29 � 0.26 nC, n 	 37; CS: �4.58 �
0.37 nC, n 	 49, p � 0.0001; CS�K252a:
�2.74 � 0.38 nC, n 	 31, p 	 0.003,
Kruskal–Wallis test) (Fig. 5B,C), back to
the level of those parameters measured in
striatal only pairs. Similar changes were
observed for mIPSC events, where K252a
inhibition caused a 30% reduction in am-
plitude (SS: �42.96 � 2.58 pA, n 	 40;
CS: �66.59 � 4.64 pA, n 	 63, p 	 0.013;
CS�K252a: �46.82 � 3.55 pA, n 	 58,
p 	 0.009, Kruskal–Wallis test) (Fig. 5E).
Importantly, K252a treatment in stria-
tal only pairs induced no changes in
neurotransmission (Fig. 5B–H; Fig.
5-1, available at https://doi.org/10.1523/
JNEUROSCI.2630-18.2019.f5-1), verify-
ing the glutamatergic cortical neurons as
the source of endogenous BDNF. The
same findings were also confirmed by
morphological analysis of pairs immuno-
labeled for the presynaptic marker VGAT
(Fig. 5 J,K). CS pairs treated with K252a
antagonist revealed 46% reduction in in-
hibitory synapses, compared with the un-
treated pairs (CS: 498.5 � 63.2, n 	 32;
CS�K252a: 269.3 � 30.89, n 	 29, p 	
0.048, Kruskal–Wallis test).

To further investigate the specificity of
endogenous BDNF release and support
the involvement of the BDNF-TrkB sig-
naling pathway in regulation of striatal
synapse formation, we chronically treated
CS pairs with anti-BDNF neutralizing an-
tibody (1:100 at DIV 3, 7, 11). BDNF neu-
tralization led to a 60% decrease in
inhibitory synapses of CS pairs, compared
with untreated heterotypic pairs (CS:
498.5 � 63.2, n 	 32; CS�anti-BDNF:
197.7 � 22.99, n 	 33, p � 0.0001,
Kruskal–Wallis test), thereby negating the
cortical input-induced phenotype. Addi-
tionally, the number of excitatory syn-
apses from cortical partner was reduced
by 45% (CS: 570.6 � 52.46, n 	 35;
CS�anti-BDNF: 314.8 � 29.01, n 	 33,

Figure 4. Exogenous BDNF promotes growth and synapse formation in striatal autaptic neurons. A–D, Morphological analysis
of striatal autapses. Light blue represents control. Yellow represents BDNF-treated. Purple represents Trk-antagonist-treated.
Green represents BDNF and Trk-antagonist-treated. A, Representative images of neuronal morphology showing immunoreactivity
for MAP2 and VGAT. B–D, Scatter plots showing neuronal soma area (B), number of VGAT synapses per neuron (C), and mean total
dendritic length (D). E–L, Bar graphs showing evoked IPSC amplitudes (E), RRP size (F), PPR (G), mean mIPSC amplitudes (H),
frequency (J), RRP vesicles number (I), normalized response amplitude to 5 �M GABA (K), and membrane capacitance (L). Data are
mean � SEM. *p � 0.05, ***p � 0.001, ****p � 0.0001. See also Figure 4-1 (available at https://doi.org/10.1523/
JNEUROSCI.2630-18.2019.f4-1).
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Figure 5. BDNF release modulates GABAergic synapse output in CS pairs. A, Bar graph showing real-time RT-PCR analysis for mRNA expression of Bdnf gene in striatal and cortical neuronal mass
cultures. B–H, Functional analysis of striatal pairs (dark blue represents untreated; purple represents Trk-antagonist-treated), CS pairs (pink represents untreated; brown represents Trk-antagonist-
treated). Scatter plots showing mean evoked IPSC amplitudes (B), RRP size (C), PPR (D), mIPSC amplitudes (E), mIPSC frequency (F), RRP vesicle number (G), and mean membrane capacitance
measurements as obtained from the membrane test (H). J, K, Representative images of neuronal morphology showing immunoreactivity for MAP2, VGAT, and VGLUT1. Scatter plots showing the
number of VGAT synapses per neuron (I), the number of VGLUT1 synapses per neuron (K). Data are mean � SEM. *p � 0.05, **p � 0.01, ***p � 0.001, ****p � 0.0001. See also Figure 5-1
(available at https://doi.org/10.1523/JNEUROSCI.2630-18.2019.f5-1).
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p 	 0.001, Kruskal–Wallis test). Together, this provides evidence
that abolishing endogenous BDNF function can affect inhibitory
synapse formation in striatal neurons either directly through
BDNF release or by decreasing excitatory synaptic contacts and
thus the level of excitation.

Overall, these data suggest that glutamatergic firing, postsyn-
aptic glutamate receptor activation, and activity-dependent
BDNF release potentiate the formation of GABAergic synapses in
the CS system.

Discussion
Our study investigates the potential role of glutamatergic inner-
vation in shaping functional and morphological properties of
striatal GABAergic neurons. Using a minimal circuit consisting
of two neurons, we provide novel information regarding the im-
pact of the cortical and thalamic glutamatergic input on the out-
put synapses of the striatal GABAergic neurons. First, we report
that glutamatergic input causes a twofold increase in striatal
GABAergic output. With both glutamatergic partners from cor-
tex or thalamus, we attribute this potentiation to an increase in
the postsynaptic response to GABA release. Additionally, we
found that cortical, but not thalamic input, enhanced the number
of inhibitory synapses formed by striatal GABAergic neurons,
likely as a result of the higher number of synaptic contacts that
cortical neurons formed over their striatal partners. Importantly,
both alterations were reverted by inhibition of neuronal activity
and glutamate receptors, as well as BDNF-TrkB signaling disrup-
tion. Together, our data indicate that GABAergic synapse forma-
tion in CS pairs depends on two parallel, but potentially
intersecting, signaling pathways that involve ionotropic gluta-
mate receptor and BDNF-mediated signaling activation in stria-
tal neurons.

Cortical and thalamic glutamatergic neurons increase striatal
GABAergic output
Glutamatergic innervation from neocortex and thalamus is
known to be a powerful modulator of dendritic morphology in
MSNs (Segal et al., 2003; Buren et al., 2016). However, the effects
of cortical and thalamic inputs on the physiology of striatal
GABAergic neurons are currently understudied. Here, we de-
note, for the first time, that glutamatergic input from either cor-
tex or thalamus onto striatal neurons significantly increased total
GABAergic synaptic output (Fig. 1). This finding partially agrees
with previous studies in the hippocampus (Chang et al., 2014;
Barrows et al., 2017) that reported an increase in GABAergic
output upon glutamatergic innervation, suggesting a more gen-
eral role of glutamatergic input in modulating the degree of inhi-
bition produced by GABAergic neurons. Nevertheless, the
modulation by glutamatergic input in the different types of
GABAergic neurons manifests in different ways: hippocampal
interneurons increased the number of their output synapses, but
decreased the presynaptic release efficiency (Chang et al., 2014),
whereas striatal GABAergic neurons increased their evoked in-
hibitory response and vesicle pool size, while maintaining their
release efficiency (Fig. 1G–I). A possible explanation for this dis-
crepancy might derive from the role of each GABAergic neuronal
type within its given circuitry. Interneurons are thought to func-
tion mainly locally within a circuit, and their output determines
the excitation/inhibition balance (Liu, 2004; Atallah and Scanzi-
ani, 2009). On the other hand, striatal neurons project to other
regions and must reliably convey information (Kreitzer and
Malenka, 2008). It is thus possible that striatal neurons are opti-
mized to be less dynamic and rather act as refiners of incoming

information from other neurons. Indeed, in vivo studies of the
pathways from cortex and thalamus through striatum to the
downstream areas suggest that the precision of striatal neuron
firing is crucial for correct representation of sensory stimulus
(Smith et al., 2004; Ding et al., 2008). Our findings that striatal
GABAergic neurons respond to glutamatergic input with en-
hanced postsynaptic response to GABA release (Fig. 1N) would
support this concept. Within the striatum, direct and indirect
pathway MSNs communicate with each other via local axon col-
laterals forming recurrent inhibitory synaptic contacts (Taverna
et al., 2008). Given our finding that glutamatergic innervation
causes an increase in the quantal GABA response on striatal neu-
rons (Fig. 1), this would suggest that collateral recurrent connec-
tions within striatum could be potentiated and therefore cause
more precisely timed firing in response to excitatory input. The
different properties of the two classes of GABAergic neurons
should come as no surprise because interneurons and projection
neurons originate from different brain areas (medial and caudal
vs lateral ganglionic eminence, respectively) (Angevine and Sid-
man, 1961; Wichterle et al., 1997; Fjodorova et al., 2015). This
provides the two neuronal types with distinct transcriptional pro-
files and, thus, functional and morphological phenotypes.

Another interesting observation of our study is that thalamic
and cortical inputs differentially affect the cellular phenotype of
striatal GABAergic output. Even though both glutamatergic in-
puts increased postsynaptic response of striatal GABAergic neu-
rons to GABA release (Fig. 1N), expansion of GABAergic output
synapses occurred only with cortical input (Figs. 1N, 2B). CS and
TS projection systems code information in distinct ways. This
could constrain the way they regulate striatal circuitry (Ding et
al., 2008; Sciamanna et al., 2015) and, thus, influence its output.
Given that BDNF impacts the formation of GABAergic synapses
(Park and Poo, 2013), we compared Bdnf mRNA levels between
cortical and thalamic mass cultures. Yet, we found no differences
(data not shown). However, in morphological analysis of our
pairs, the number of cortical synapses made in CS pairs was
higher than those in TS pairs (Fig. 2C). Therefore, we presume
that the explanation for the divergent effects of cortical versus
thalamic input on striatal output stems from the overall strength
of the synaptic input provided by each of the glutamatergic part-
ners. Indeed, in agreement with other studies (Smeal et al., 2007;
Kolodziejczyk and Raymond, 2016), we found that, in addition to
showing morphologically fewer synapses, thalamic neuron-
evoked responses were smaller compared with those evoked by
cortical neurons (Fig. 1R,S). This suggests that only strong syn-
aptic input driven by cortical neurons might be able to induce the
formation of additional inhibitory synapses in striatal GABAergic
neurons.

Cortical-induced potentiation of striatal GABAergic output
requires neuronal activity and activity-dependent BDNF
release
The mechanisms through which striatal GABAergic neurons re-
spond to glutamatergic innervation are currently unclear. We
know from previous studies that excitation and activation of
ionotropic glutamate receptors regulate GABAergic synapse for-
mation in interneurons (Hartman et al., 2006; Chang et al.,
2014). Furthermore, Segal et al. (2003) showed that, in CS em-
bryonic cultures, the presence of TTX in growth media prevented
the increase in the density of striatal spines caused by cortical
input. In this sense, our study verifies the importance of neuronal
firing and glutamate receptor activation for GABAergic neuronal
function, showing now that glutamatergic excitation not only
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alters striatal spines density, but it is also relevant for modulating
GABAergic output (Fig. 3).

Another potential component of cortical glutamatergic inner-
vation that impacts GABAergic output is activity-dependent
BDNF release (Huang et al., 1999; Hong et al., 2008). In this
context, we showed that the source of BDNF more likely comes
from glutamatergic fibers, as Bdnf mRNA expression was sub-
stantially higher in cortical than striatal mass culture (Fig. 5A).
Furthermore, we demonstrated, for the first time, that applica-
tion of Trk receptor antagonist, K252a, prevented the increase in
GABAergic output caused by cortical input, suggesting that
BDNF is required for both quantal response changes and inhib-
itory synapse formation (Fig. 5). This was also supported by the
experiments using anti-BDNF neutralizing antibody (Fig. 5 J,K).
This extends previous findings on the role of BDNF as a regulator
of cellular and dendritic morphology for striatal GABAergic neu-
rons (Nakao et al., 1995; Palizvan et al., 2004; Rauskolb et al.,
2010; Penrod et al., 2015). Nevertheless, despite the fact that
BDNF directly influences the morphology (cell size, dendritic
length, and number of contacts), we showed that BDNF alone is
not sufficient to induce new, fully functional synapses in striatal
neurons (Fig. 4). We presume that activity-dependent BDNF re-
lease by cortical glutamatergic neurons activates TrkB receptors
in striatal cells and turns on the transcriptional programs in-
structing synapse formation (Hong et al., 2008). As a result, in
conjunction with neuronal activity, cortical input regulates the
maintenance of those synapses (Marty et al., 2000; Lin et al., 2008;
West and Greenberg, 2011). To shed further light on this mech-
anism, future studies examining gene expression changes are
required.

In conclusion, our study demonstrates the power of an in vitro
approach to examine interregional interactions between different
neuronal types that are known to form specific circuits in vivo. Using
this two-neuron in vitro system, we were able to isolate the specific
role of glutamatergic innervation onto striatal GABAergic output,
examine specific parameters underlying synaptic function and
study putative factors required for glutamatergic-induced mod-
ulation. Nevertheless, to strengthen the relevance of our findings,
future studies examining striatal cell modulation in vivo are nec-
essary. Nowadays, that cumulative evidence support that basal
ganglia circuit deficits are implicated in numerous neurological
diseases, including Huntington’s disease (Cepeda et al., 2003)
and Tourette and Parkinson’s syndromes, we are confident that
our two-neuron microcircuit model could be a valuable tool for
assessing synaptic properties of such disease models in cellular
context. Understanding how cortical and thalamic inputs refine
striatal output will pave the way toward identifying basal ganglia
activity in both physiological and pathological conditions.
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